New therapies are required for chronic lymphocytic leukemia (CLL), an incurable disease characterized by failure of mature lymphocytes to undergo apoptosis. Activation of cell surface death receptors, such as via TRAIL receptor ligation, may provide a novel therapeutic target for various malignancies. However, CLL and other lymphoid malignancies are resistant to TRAIL. We report that low concentrations of histone deacetylase (HDAC) inhibitors, such as depsipeptide, which alone failed to induce apoptosis, markedly sensitize CLL cells and other primary lymphoid malignancies to TRAIL-induced apoptosis. These combinations caused little or no toxicity to normal lymphocytes. HDAC inhibitors sensitized resistant cells to TRAIL-induced apoptosis by facilitating formation of an active death-inducing signalling complex (DISC), leading to the rapid activation of caspase-8. The facilitated DISC formation also occurred in the absence of TRAIL-R2 upregulation. Thus, the combination of HDAC inhibitors and TRAIL may be valuable in the treatment of various hemopoietic malignancies.
Introduction
Apoptosis may be induced by two main pathways: triggering of cell surface death receptors (the extrinsic pathway) or by perturbation of mitochondria (the intrinsic pathway), with caspase-8 and -9 being the apical caspases, respectively. 1, 2 Several members of the tumor necrosis factor (TNF) family, including TNF, CD95/FasL and TNF-related apoptosis-inducing ligand (TRAIL), induce apoptosis by the extrinsic pathway. In CD95 and TRAIL-induced, but not in TNF-induced, apoptosis, the adaptor molecule FADD/MORT1 3, 4 is initially recruited to the death receptor, and this in turn recruits caspase-8 into the death-inducing signalling complex (DISC). [5] [6] [7] [8] [9] TRAIL induces apoptosis in a wide range of tumor cell lines, but not in most normal cells. [10] [11] [12] TRAIL interacts with four distinct membrane-bound receptors: two death receptors, TRAIL-R1 (DR4) and TRAIL-R2 (DR5/TRICK2), and two putative decoy receptors, TRAIL-R3 (TRID/DcR1/ LIT) and TRAIL-R4 (DcR2/TRUNDD) (reviewed in Ashkenazi and Dixit 13 ). TRAIL-and CD95-induced apoptosis is also regulated by inhibitory molecules, such as Flice inhibitory protein (c-FLIP), which competes with caspase-8 for binding to FADD, 14, 15 and can therefore interfere with signalling from the DISC by antagonizing caspase-8 activation. FLIP exists as two differentially spliced isoforms (FLIP L and FLIP S ), both of which are recruited to the CD95 DISC and inhibit CD95-induced apoptosis. [14] [15] [16] TRAIL may represent a suitable ligand for exploitation of receptor-mediated apoptosis as a novel therapeutic strategy for many forms of cancer, as it does not generally induce cell death in normal tissues in contrast to TNF or CD95. 13 However, primary cells from patients with chronic lymphocytic leukemia (CLL), and other B-cell malignancies, such as B-cell non-Hodgkin's lymphoma, are commonly resistant to CD95-and TRAIL-mediated apoptosis. [17] [18] [19] [20] [21] The mechanism(s) of CD95 and TRAIL resistance in these cells is unclear, but may include lack of expression of functional receptors or overexpression of inhibitory molecules. Recently, we have shown that the resistance of CLL cells to TRAIL-induced apoptosis is upstream of caspase-8 activation and may be partly due to low levels of receptor expression as well as due to low levels of DISC formation with a high ratio of c-FLIP L to caspase-8 within the DISC. 20 Sensitivity to TRAIL in many resistant cell lines is enhanced by combination treatments with either chemotherapeutic agents or irradiation by a variety of proposed mechanisms including an increase in cell surface death receptor expression, a decrease in c-FLIP levels, restoration of caspase-8 expression or inhibition of Akt (reviewed in Ozoren and El-Deiry 22 and Wajant et al. 23 ). As almost all of the chemotherapeutic agents used in such combinations are toxic to normal cells, it is important to find nontoxic agents, which synergize with TRAIL. Recently, several inhibitors of histone deacetylase (HDAC), which inhibit tumor growth both in vivo and in vitro at nontoxic doses, have entered clinical trials. 24, 25 The acetylation status of histones alters chromatin structure, thereby modulating gene expression, and is governed by the relative activities of histone acetyltransferases and HDACs. Altered histone acetyltransferase or HDAC is associated with several malignancies, including hematological malignancies. [24] [25] [26] HDAC inhibitors exert their antitumor effects due to their ability to induce growth arrest, differentiation and apoptosis. [24] [25] [26] Most studies describing the induction of apoptosis by HDAC inhibitors suggest they induce apoptosis via the intrinsic pathway, although in some cellular contexts other enzymes may be involved, including a proposed activation of the extrinsic pathway in one study in CLL. [27] [28] [29] [30] In addition to inducing apoptosis, there are conflicting reports of the potentiation of death receptorinduced apoptosis by HDAC inhibitors. Proposed mechanisms involve increased expression of death receptors and their ligands or decreases in c-FLIP, c-IAP2 and XIAP. 29, [31] [32] [33] Some recent studies have described that co-treatment of HDAC inhibitors with TRAIL induced apoptosis but little or no mechanistic insight was provided. [34] [35] [36] We now demonstrate that nanomolar concentrations of HDAC inhibitors sensitize resistant primary cells from patients with CLL to TRAILinduced apoptosis by facilitating increased formation of the TRAIL DISC. We propose that the combination of HDAC inhibitors and TRAIL agonists could be of therapeutic benefit in CLL as well as other TRAIL-resistant hematological malignancies.
Results

Synergistic induction of apoptosis in Jurkat and CLL cells treated with HDAC inhibitors and TRAIL
We examined the effects of two structurally unrelated HDAC inhibitors, Trichostatin A and depsipeptide, on CD95-and TRAIL-induced apoptosis in freshly isolated peripheral blood B cells from patients with CLL and the T-cell precursor acute lymphoblastic leukemia cell line, Jurkat. CLL cells were chosen, as they are resistant to TRAIL and CD95 20, 37 and resistant to the apoptosis-inducing properties of depsipeptide, requiring depsipeptide (15 nM) for 4 days to reduce viability by 50%. 38 In our hands, treatment of either CLL cells for 8 or 16 h or the Jurkat cell line for 8 h with nanomolar concentrations of both HDAC inhibitors failed to induce significant apoptosis. In contrast, pretreatment with these concentrations of the HDAC inhibitors, followed by treatment with CD95 or TRAIL, resulted in a marked increase in apoptosis in Jurkat cells, as assessed by an increase in phosphatidylserine (PS) externalization ( Figure 1a ) and a decrease in the percentage of cells with high mitochondrial membrane potential (c m ) (data not shown). This synergistic induction of apoptosis was also observed in CLL cells exposed to TRAIL, but not CD95 (Figure 1a and b) . The synergy was observed when CLL cells were pretreated with nontoxic concentrations of either Trichostatin A or depsipeptide (Figure 1b) . We have observed this marked enhancement of apoptosis in all patients studied (n ¼ 18), although some patient variation was observed (Figure 1b) . Almost all CLL cells were sensitized to apoptosis as treatment with TRAIL for longer periods of time (8 h) resulted in more apoptosis ( Figure 1b and Table 1 ). Similarly, an initial longer pretreatment with depsipeptide (16 h) also resulted in a greater sensitivity of CLL cells to TRAIL (Table 1) .
HDAC inhibitors potentiate death receptorinduced apoptosis
As TRAIL, CD95 and HDAC inhibitors can separately induce apoptosis, it was important to clarify whether HDAC inhibitors potentiated death receptor-induced apoptosis or vice versa. Following pretreatment with nontoxic concentrations of depsipeptide or Trichostatin A and subsequent exposure to nontoxic concentrations of either CD95 or TRAIL, we observed increased apoptosis in both wild-type-and Bcl-XLoverexpressing, but not in caspase-8-deficient, Jurkat cells ( Figure 1c) . Z-VAD.fmk (25 mM), which does not inhibit loss of mitochondrial membrane potential induced by agents that activate the intrinsic pathway, completely inhibited the augmented apoptosis assessed by either PS externalization or loss of mitochondrial membrane potential (data not shown). In Bcl-XL-overexpressing cells, apoptosis induced by higher concentrations of either depsipeptide or TSA alone, but not by TRAIL or CD95, was inhibited, whereas in caspase-8-deficient Jurkat cells apoptosis induced by TRAIL or CD95, but not depsipeptide or Trichostatin A, was inhibited ( Figure 1c and data not shown). Taken together, these data support the hypothesis that depsipeptide and Trichostatin A potentiated CD95-and TRAIL-induced apoptosis in Bcl-XL-overexpressing Jurkat cells.
We determined the kinetics of TRAIL-induced apoptosis following pretreatment with depsipeptide. Jurkat cells were pretreated for 8 h with depsipeptide (10 nM), then exposed to TRAIL for up to 4 h. Marked loss of mitochondrial membrane potential was observed as early as 30 min after exposure to TRAIL, and clearly preceded PS externalization (Figure 1d and e). The enhanced apoptosis assessed by both these criteria was almost completely blocked by the broad-spectrum caspase inhibitor, Z-VAD.fmk (10 mM), whereas M-791 (25 mM), a more specific caspase-3 inhibitor, 39 inhibited apoptosis assessed by PS externalization, but not by loss of mitochondrial membrane potential (Figure 1d and e) . These results clearly demonstrate that, in this model, loss of mitochondrial membrane potential is independent of caspase-3 activation and precedes the externalization of PS, which is dependent on caspase-3 activation.
HDAC inhibitors potentiate TRAIL-induced caspase processing
Next we examined the temporal activation of caspases in the presence or absence of caspase inhibitors in order to confirm that the mode of cell death was apoptosis and to ascertain the apical initiator caspase. Caspase-3, -7, -8 and -9 were present in control CLL and Jurkat cells primarily as their unprocessed zymogens, and were largely unaltered following treatment for 8 h with nontoxic concentrations of either depsipeptide (10 nM) or TRAIL (Figure 2a and b, lanes 1-3). After pretreatment with depsipeptide, TRAIL (20 ng/ml) induced a time-dependent processing of all these caspases (Figure 2a , lanes 4-7, and 2b, lanes 4-6). Caspase-8 was processed to its p43 and p41 forms and at later times to its p18 large subunit (Figure 2b , lane 6); caspase-3 was processed initially to its p20 and p19 forms, followed by more extensive processing to . Cells treated with depsipeptide were then exposed to TRAIL (20 and 100 ng/ml for Jurkat and CLL cells, respectively) for the indicated times either alone or in the presence of Z-VAD.fmk or M-791. The processing of caspase-3, -7, -8 and -9 was then assessed by Western blotting as described in Materials and methods. In (b), the lower blot for caspase-8 shows its processing to the catalytically active p18 large subunit. The data shown in (b) are from a patient who showed a strong potentiation in the presence of depsipeptide its p19 and p17 forms; by 1 h, caspase-7 was clearly processed to its p19 large subunit ( Figure 2a , lanes 4-7, and 2b, lanes 4-6). Caspase-9 was processed to both its p35 and p37 forms following Apaf-1-and caspase-3-mediated cleavage at Asp 315 and Asp 330, respectively. 40 We observed marked differences in caspase processing in the presence of both caspase inhibitors. Z-VAD.fmk largely or completely blocked the increased processing of all the caspases (Figure 2a , lane 8, and 2b, lane 7). Our observation that Z-VAD.fmk almost completely inhibited the processing of caspase-3 provided strong support for the hypothesis that caspase-8 is the apical caspase, as Z-VAD.fmk only inhibits the processing of caspase-3 to its p19/p17 forms but retains the p20 form when caspase-9 is the apical caspase. 41 In the presence of M-791, caspase-8 was still clearly processed to its p43, p41 and p18 forms although some diminution in the amount of processing was observed most probably due to inhibition of a feed-forward amplification loop mediated by caspase-3 ( Figure 2a , lane 9, and 2b, lane 8). Caspase-3 was also still clearly processed but only to its p20 form, which was catalytically inactive in the presence of M-791 ( Figure 2a , lane 9, and 2b, lane 8). Caspase-7 and caspase-9 were both still processed, compatible with these caspases being direct substrates for activated caspase-8. 42 Interestingly, the Apaf-1-mediated processing of caspase-9 to its p35 form was observed, whereas formation of the p37 form by caspase-3 was inhibited ( Figure 2a , lane 9, and 2b, lane 8). Pretreatment with depsipeptide for 16 h, followed by exposure to TRAIL, resulted in an even more rapid and extensive activation of caspases (data not shown). Taken together, these results demonstrate that in both CLL and Jurkat cells depsipeptide potentiates TRAIL-induced apoptosis and caspase-8 is the initiator caspase.
HDAC inhibitors cause a small increase in TRAIL-R2, but do not markedly alter the levels of other proteins associated with the DISC As we also observed the potentiation of apoptosis in Bcl-XLoverexpressing cells, it implicated some step in the apoptotic process upstream of the mitochondria, possibly an alteration in TRAIL death receptor expression or DISC formation. We examined cells exposed to HDAC inhibitors for increases in cell surface death receptor expression, as such increases have been reported following treatment with some chemotherapeutic agents and may be partly responsible for the enhanced apoptosis observed following their combination with death-inducing ligands. 43, 44 A small increase in the cell surface expression of TRAIL-R2 was observed, accompanied by a small decrease in both TRAIL-R1 and CD95 in CLL cells treated for 8-16 h with depsipeptide or for 8 h with Trichostatin A (Figure 3a) , that is, using the same conditions that markedly potentiated TRAIL-induced apoptosis. Similarly, a recent study demonstrated no increase in cell surface CD95 expression in CLL cells exposed to depsipeptide. 27 No marked changes were observed in the cell surface expression of TRAIL-R3 or -R4 (Figure 3a) . Similar changes were observed in the cell surface expression of TRAIL receptors in Jurkat cells treated with these HDAC inhibitors (data not Figure 3 Effects of HDAC inhibitors on cell surface death receptor expression and major DISC components. (a) CLL cells were incubated for 8 h either alone (gray shading) or with depsipeptide (10 nM) or Trichostatin A (0.25 mM) (dark black lines) as indicated. Cells were also incubated for 16 h either alone (gray shading) or with depsipeptide (10 nM) (right-hand panel) (dark black line). Cells were harvested and cell surface receptor expression assessed by flow cytometry using monoclonal antibodies to TRAIL (TR) receptors 1-4 and CD95. Cells labelled with secondary antibody alone were used to control for background fluorescence (pale line -no shading). (b) CLL cells were incubated for the indicated times either alone (Con), with TSA or with depsipeptide (Dep) and then analyzed by Western blotting for components of the DISC or inhibitors of apoptosis. Two different antibodies were used for analysis of c-FLIP shown). As some studies in the literature have reported that an upregulation of receptors may lead to an increased sensitivity to TRAIL, we examined whole-cell samples to give us a measurement of intracellular receptors as well as cell surface expression. It was possible that the treatment with the HDAC inhibitors (see later) could cause an increase in intracellular receptors, thus facilitating transport to the plasma membrane with a resultant greater susceptibility to apoptosis. Taken together, these data suggest that the small increase in cell surface expression of TRAIL-R2 may contribute at least in part to the increased TRAIL sensitivity of CLL cells.
We then examined the effects of depsipeptide on other well-characterized proteins associated with the TRAIL DISC, namely FADD, caspase-8, c-FLIP and RIP. Several studies have suggested that decreases in c-FLIP sensitize cells to death receptor-induced apoptosis, although this is somewhat controversial. 45 In addition, depsipeptide has been reported to decrease c-FLIP in CLL cells. 27 We also investigated changes in XIAP and c-IAP2, as their levels have been shown to decrease following exposure to some HDAC inhibitors. 33 In both CLL and Jurkat cells, we found no marked changes in the levels of FADD, caspase-8, RIP or XIAP (Figure 3b and data not shown). We observed a very modest decrease in c-FLIP following treatment with HDAC inhibitors, using one antibody, but not with another ( Figure 3b ). Using a third antibody to c-FLIP L (Upstate Biotechnology), no change in c-FLIP L was observed following exposure to either depsipeptide or Trichostatin A (data shown to referees). A modest timedependent decrease in c-IAP2, but not c-IAP1, was observed in CLL cells exposed to these HDAC inhibitors (Figure 3b) . We wished to confirm that the HDAC inhibitors were inhibiting HDACs in CLL cells. The low concentrations of Trichostatin A or depsipeptide used inhibited HDAC activity, as assessed by their ability to induce histone H3 and H4 acetylation (Figure 3b ) in agreement with previous findings. 27 Both Trichostatin A (0.25 mM) and depsipeptide (10 nM) caused a time-dependent accumulation of histone H4 acetylation. Marked accumulation was first observed 1-2 and 2-4 h following Trichostatin A and depsipeptide treatment, respectively (data not shown). Taken together, our data supported the suggestion that the increase in cell surface expression of TRAIL-R2, but not alterations in the levels of any of the other major DISC components, may be partly responsible for the marked sensitization of CLL cells by HDAC inhibitors to TRAIL-induced apoptosis.
HDAC inhibitors sensitize cells to TRAIL-induced apoptosis by increased DISC formation
As formation of a DISC is often rate limiting in death receptorinduced apoptosis, we therefore examined formation of the TRAIL DISC using biotinylated TRAIL. Biotinylated TRAIL induced a time-dependent formation of the DISC in control and depsipeptide-pretreated CLL cells. A marked increase in both the levels of TRAIL-R2 and also in the recruitment of FADD and caspase-8 to the TRAIL DISC was observed in CLL cells pretreated with depsipeptide for 16 h (Figure 4a , right panel). Similar but less dramatic changes were observed when cells were pretreated with depsipeptide for 8 h (Figure 4a, left panel) . In DISCs isolated from depsipeptidepretreated cells, caspase-8 was processed to both its p43 and p41 forms much more readily than in control cells (Figure 4a , compare lanes 5-7 to 2-4). Caspase-8 observed in the depsipeptide-pretreated cells also appeared to be catalytically active as processed caspase-8 was found in the cytosol (Figure 2b ). Similar levels of c-FLIP L were recruited to the DISC in CLL cells treated with TRAIL alone or those pretreated with depsipeptide ( Figure 4a , compare lanes 2-4 to 5-7). Additionally, in both the control and pretreated cells, c-FLIP L was cleaved by caspase-8 to form an B43 kDa fragment, which probably represents the product obtained following removal of the C-terminal p10 subunit 15 ( Figure 4a ). We thus observed an increase in the caspase-8/FLIP ratio in the DISC in the depsipeptide-treated cells, compatible with our previous suggestion that this ratio may be important in determining sensitivity to TRAIL-induced apoptosis. 20, 46 However, our results did not support a critical role for a decrease in c-FLIP being responsible for the marked sensitization of CLL cells to TRAIL. We then examined Jurkat cells to see if pretreatment with depsipeptide also facilitated DISC formation. Jurkat cells were cultured for 8 h either alone or with depsipeptide (10 nM) and then treated with biotinylated TRAIL for 5-15 min and the native TRAIL DISC isolated. (10 nM). Cells were then exposed to biotinylated TRAIL (500 ng/ml) for the indicated times and a DISC isolated as described in Materials and methods. To provide an unstimulated receptor control, biotinylated TRAIL was added to lysate from untreated cells (u/s). The DISCs obtained were analyzed by Western blotting. (b) Jurkat cells were incubated for 8 h with depsipeptide (10 nM) and then exposed to biotinylated TRAIL (100 ng/ ml) and a native DISC isolated as described in (a). (c) U937 cells were incubated for 8 h either alone (Control) or in the presence of depsipeptide (10 nM). Cells were then exposed to biotinylated TRAIL (500 ng/ml) for the indicated times and a DISC isolated as described in Materials and methods. To provide an unstimulated receptor control, biotinylated TRAIL was added to lysate from untreated cells (u/s). The DISCs obtained were analyzed by Western blotting Jurkat cells pretreated with depsipeptide also showed an increase in the levels of TRAIL-R2 and recruitment of FADD and caspase-8 compared to control cells (Figure 4b , compare lanes 4 and 5 with lanes 2 and 3). Taken together, these data support the hypothesis that depsipeptide sensitization of CLL and Jurkat cells to TRAIL-induced apoptosis resulted from an increased formation of the TRAIL DISC accompanied by increased recruitment of FADD and activation of caspase-8.
Depsipeptide
.9%, respectively) (mean7S.E.M., n ¼ 5). However, when U937 cells were pretreated with depsipeptide for 8 h and then exposed to TRAIL for a further 4 h, a marked sensitization to TRAIL-induced apoptosis was observed (44%70.9, mean7S.E.M., n ¼ 5). Treatment with TRAIL resulted in the time-dependent formation of a native TRAIL DISC with significantly more DISC formed in U937 cells pretreated with depsipeptide (Figure 4c ). This greater formation of the TRAIL DISC was accompanied by increased levels of TRAIL-R2, FADD and caspase-8 within the DISC and a higher caspase-8/c-FLIP L ratio. No differences were observed in the amount of c-FLIP L recruited to the DISC in control and depsipeptide-pretreated cells (data not shown). In preliminary experiments, we have also examined the sensitivity of some other primary B-and T-cell tumor cells from patients to the combination of HDAC inhibitors and TRAIL. Cells from a patient with mantle cell lymphoma were sensitized, but not cells from patients with follicular lymphoma or T-cell precursor acute lymphoblastic leukemia (T-ALL) ( Table 1) .
HDAC inhibitors do not sensitize normal B cells to TRAIL-induced apoptosis
Many reports have described the selective toxicity of TRAIL to cancer cells compared to normal cells. Our finding that HDAC inhibitors potentiate TRAIL-induced apoptosis in CLL cells is particularly important because initial studies suggest these inhibitors are relatively nontoxic in vivo and also are selectively toxic to tumor cells. 24, 25 In order to test the potential toxicity of the combination to normal cells, we examined the toxicity of depsipeptide and TRAIL to both freshly isolated normal B and T cells. Depsipeptide, TSA or TRAIL alone were generally nontoxic to normal B cells from healthy volunteers. In 6/7 samples, depsipeptide or TSA caused very little potentiation of TRAIL-induced apoptosis in normal B cells (Figure 5a ) compared to CLL cells. In the T cells, although some toxicity was observed with the HDAC inhibitors alone (depsipeptide and TSA were slightly toxic in 2/6 and 1/6 samples, respectively), no sensitization of TRAILinduced apoptosis was observed with either HDAC inhibitor in all samples examined (Figure 5b ). Taken together, these results indicate that HDAC inhibitors do not sensitize most normal B or T cells to TRAIL-induced apoptosis.
HDAC inhibitors potentiate the toxicity of some chemicals
In addition to the ability of HDAC inhibitors to sensitize cells to TRAIL-induced apoptosis, it was possible that these cells were also sensitized to agents that activate the intrinsic pathway. Pretreatment of Jurkat cells with depsipeptide resulted in a significant potentiation of apoptosis induced by the PKC inhibitor bisindolylmaleimide IX, the cyclin-dependent kinase inhibitor flavopiridol and the proteasome inhibitor MG132 (Figure 6a ). Pretreatment with depsipeptide resulted in only a modest potentiation of apoptosis induced by these agents in CLL cells (Figure 6a ). As the induction of apoptosis by TRAIL in several cellular systems requires Bax and/or a mitochondrial component, 47, 48 it was possible that part of the sensitization by HDAC inhibitors was also due to an effect, either directly or indirectly, on mitochondria. In addition, higher concentrations of HDAC inhibitors alone induce apoptosis by perturbation of mitochondria and activation of the intrinsic pathway. [28] [29] [30] In this respect, we initially examined cells
Figure 5 HDAC inhibitors do not sensitize normal B and T cells to TRAILinduced apoptosis. Enriched (a) B cells and (b) T cells from normal volunteers
were pretreated for 8 h with either depsipeptide (Dep) (10 nM) or Trichostatin A (TSA) (0.25 mM) and then exposed for a further 4 h to TRAIL (100 ng/ml). Apoptosis was then assessed by PS externalization using flow cytometry. Incubation with the HDAC inhibitor together with TRAIL for a further 4 h did not induce apoptosis pretreated with HDAC inhibitors for altered expression of Bcl-2 family members. No marked changes were observed in the major antiapoptotic (Bcl-2 and Mcl-1), and proapoptotic (Bax and Bak) Bcl-2 family members in CLL cells except for a timedependent increase in Bim EL , a proapoptotic BH3-onlycontaining protein (Figure 6b ). Bim L was also present in CLL cells, but did not appear to be altered following treatment with HDAC inhibitors (data not shown). Similarly, in Jurkat cells which express both Bim EL and Bim L , 49 pretreatment with the HDAC inhibitors resulted in an increase in Bim EL (data not shown).
Sensitization to HDAC inhibitors is not primarily due to increased levels of TRAIL-R2
We wished to examine if the observed increase in cell surface expression of TRAIL-R2 (Figures 3a) was responsible for the marked sensitization to TRAIL-induced apoptosis. Exposure of U937 cells to depsipeptide also resulted in a timedependent increase in TRAIL-R2 levels (Figure 7a, lanes 4-7) . This increase was due to de novo protein synthesis as it was prevented by pretreatment with cycloheximide (CHX; Figure 7a, lanes 8 and 9) . This experimental approach offered a means to ascertain the importance of the increased TRAIL-R2 levels in the sensitization.
The use of CHX to investigate the role of increased TRAIL-R2 levels in the sensitization to TRAIL-induced apoptosis is inherently difficult because CHX alone can sensitize to TRAILinduced apoptosis, probably due to inhibition of NF-kB. Thus, after the initial treatment of cells with CHX to inhibit protein synthesis and the upregulation of TRAIL-R2, the cells were then washed with medium in order to minimize any possible effects of CHX on TRAIL-induced apoptosis. Cells were treated for 8 h in the presence or absence of depsipeptide (10 nM), with or without CHX, and then washed. Cells were then cultured for a further 4 h in the presence or absence of TRAIL and apoptosis assessed. Firstly, in the absence of depsipeptide, pretreatment with CHX (2.5 and 5 mM) resulted in a potentiation of TRAIL-induced apoptosis, but this was almost completely reversed by the wash-out of CHX after 8 h (Figure 7b, left panel) . In marked contrast, the depsipeptidemediated sensitization of U937 cells to TRAIL was not reversed by washing (Figure 7b, right panel) . Most importantly, depsipeptide still sensitized U937 cells to TRAILinduced apoptosis even when incubated in the presence of CHX and following wash-out (Figure 7b, right panel) . Thus, the sensitization of TRAIL-induced apoptosis by depsipeptide occurred in the absence of any increase in TRAIL-R2, suggesting that the increase in TRAIL-R2 is not required for the increase in apoptosis in U937 cells.
We wished to confirm that a similar phenomenon was also occurring in CLL cells, although these studies are more difficult to carry out in primary CLL cells partly due to varying levels of spontaneous apoptosis and also because of the partial sensitivity of CLL cells to CHX-induced apoptosis. 20 Depsipeptide again caused a time-dependent increase in TRAIL-R2 levels in CLL cells (Figure 7c, lanes 5 and 8) , which was due to de novo protein synthesis, as it was completely prevented by cotreatment with CHX (Figure 7c, lanes 6 and 9) . In addition, in preliminary studies with CLL cells, cotreatment with CHX completely prevented the depsipeptide-induced increase of cell surface expression of TRAIL-R2 as measured by flow cytometry (data not shown). CLL cells from six different patients were then exposed for 16 h to depsipeptide either in the presence or absence of CHX, followed by washing and exposure to TRAIL for a further 4 h when apoptosis was assessed. The current experimental protocol of incubation with CHX for only 16 h resulted in only a minimal effect on TRAIL-induced apoptosis (Figure 7d , compare lanes 2 and 4) compared to a more extensive induction of apoptosis resulting from longer incubations of up to 42 h with CHX. 20 Depsipeptide alone again caused a marked sensitization of (Figure 7d, lane 6) . When CLL cells were preincubated with TRAIL in the presence of CHX followed by washing, TRAIL again caused a marked induction of apoptosis (Figure 7d, lane 8) although it was somewhat less than in the absence of CHX. Thus, in CLL cells, the major part of the sensitization to TRAIL-induced apoptosis by depsipeptide occurred independently of the upregulation of TRAIL-R2, although there also appeared to be a small but significant contribution of the increased TRAIL-R2. Although the data from both U937 and CLL cells suggested there may be some cell type differences, taken together, these data strongly suggest that the HDAC inhibitor-induced sensitization to TRAIL-induced apoptosis is not due primarily to an upregulation of TRAIL-R2 receptor levels.
DISC formation is facilitated in the presence of depsipeptide and CHX
As the HDAC inhibitor-induced sensitization to TRAILinduced apoptosis did not appear to be primarily due to an upregulation of TRAIL-R2 receptor levels, we wished to examine whether formation of the DISC was still enhanced in the presence of CHX. U937 cells were again cultured either alone or in the presence of depsipeptide (10 nM) with or without CHX and the time-dependent formation of the native TRAIL DISC was examined (Figure 8a ). Treatment with depsipeptide alone again caused increased levels of TRAIL-R2, FADD and caspase-8 within the DISC compared to control cells (Figure 8a , compare lanes 5 and 6 with lanes 2 and 3). When the U937 cells were preincubated with depsipeptide in the presence of CHX, the increase in TRAIL-R2 was completely abolished, but an increase in FADD recruitment and caspase-8 processing was still observed (Figure 8a, lanes 8 and 9) , although this was somewhat less than in the presence of depsipeptide alone. These results strongly supported the suggestion that the HDAC inhibitor facilitated recruitment of FADD and caspase-8 to the DISC was not dependent on increased TRAIL-R2 expression.
In order to determine if the facilitated DISC formation in the absence of increased TRAIL-R2 expression was cell type specific, we repeated these studies in K562 chronic myeloid leukemic cells, another relatively TRAIL-resistant cell line.
Firstly, we confirmed that these cells in the presence of CHX and depsipeptide behaved similarly to U937 cells. In the absence of depsipeptide, pretreatment with CHX (1 mM) resulted in a potentiation of TRAIL-induced apoptosis, but this was almost completely reversed by the wash-out of CHX after 12 h (Figure 8b, lanes 2 and 3) . However, the depsipeptide-mediated sensitization of K562 cells to TRAIL was not reversed by washing (Figure 8b, lanes 4 and 5) . Most importantly, depsipeptide still sensitized K562 cells to Figure 7 Sensitization to TRAIL-induced apoptosis is not due to upregulation of TRAIL-R2. (a) U937 cells were incubated either alone or with depsipeptide (Dep) (10 nM) for the indicated times in the presence or absence of different concentrations of CHX. Cells were then analyzed for the presence of TRAIL-R2 by Western blot analysis as described in Materials and Methods. (b) U937 cells were treated for 8 h in the presence or absence of depsipeptide (10 nM) with or without CHX and then washed, where indicated, to remove the chemicals. Cells were then cultured for a further 4 h in the presence or absence of TRAIL (100 ng/ ml) and apoptosis assessed by externalization of PS. (c) CLL cells were incubated either alone or with depsipeptide (Dep) (10 nM) for the indicated times in the presence or absence of CHX. Cells were then analyzed for the presence of TRAIL-R2 by Western blot analysis as described in Materials and Methods. (d) CLL cells from six different patients were cultured for 16 h in the presence or absence of depsipeptide with or without CHX as indicated. Cells were then cultured for a further 4 h in the presence or absence of TRAIL and apoptosis assessed.
w These mean values were significantly different at Po0.05 level compared to TRAIL alone. *Groups 6 and 8 were significantly different TRAIL-induced apoptosis even when incubated in the presence of CHX and following wash-out (Figure 8b, lanes 6 and  7) . Thus, the sensitization of TRAIL-induced apoptosis by depsipeptide occurred in a similar manner in both K562 and U937 cells. We then investigated the effects of the CHX treatment on DISC formation in K562 cells. Treatment with depsipeptide again resulted in increased DISC formation with increased TRAIL-R2, FADD and caspase-8 within the DISC compared to control cells (Figure 8c , compare lanes 5 and 6 with lanes 2 and 3). Treatment with depsipeptide in the presence of CHX completely inhibited the depsipeptideinduced increase in TRAIL-R2 within the DISC such that the amount of TRAIL-R2 in the DISC appeared identical to control cells (Figure 8c) . However, even in the absence of any increase in TRAIL-R2 in the DISC, an increase in FADD and caspase-8 within the native TRAIL DISC was still observed (Figure 8c,  compare lanes 8 and 9 with lanes 2 and 3) . The depsipeptideinduced increase in FADD and caspase-8 recruitment to the TRAIL DISC was decreased by the pretreatment with CHX (Figure 8c, compare lanes 5 and 6 with lanes 8 and 9) . Taken together, these results demonstrate conclusively that the facilitated DISC formation in the presence of depsipeptide can still occur in the absence of upregulation of TRAIL-R2.
Discussion
CLL, one of the most common hematological malignancies in the western world, is characterized by the accumulation of mature nonproliferating B cells resulting from a failure of cells to undergo apoptosis rather than by excessive cellular proliferation. 50 The disease is incurable with current chemotherapeutic strategies. New chemotherapeutic agents are required in CLL to overcome resistance of cells to commonly used agents. Signalling of apoptosis via cell surface receptors, such as TRAIL receptors, is an attractive therapeutic target for this and other malignancies, but many reports have demonstrated the resistance of primary malignant B cells to death receptor-induced apoptosis. [17] [18] [19] [20] [21] 37, 51 The most striking finding of the present study was the dramatic sensitization of CLL cells to TRAIL-induced apoptosis following pretreatment with HDAC inhibitors. The potentiation of TRAIL-induced apoptosis by conventional chemotherapeutic agents and irradiation has been described, but these treatments are inherently toxic, whereas HDAC inhibitors are relatively nontoxic. 24, 25 HDAC inhibitors potentiated TRAIL-induced apoptosis in CLL as well as other resistant cells by activating the extrinsic pathway with caspase-8 as the apical caspase. Activation of the extrinsic pathway may be particularly valuable as an additional approach to the treatment of CLL, as it should bypass many of the normal resistance mechanisms employed by cells against the intrinsic pathway. Support for this was provided by our findings of the efficacy of the TRAIL/HDAC inhibitor combination both in CLL cells that express high levels of Bcl-2 and in Bcl-XL-overexpressing Jurkat cells (Figure 1) , which are resistant to many chemical agents that activate the intrinsic pathway.
How do HDAC inhibitors sensitize CLL cells to TRAILinduced apoptosis? A number of recent reports principally in cell lines rather than in primary cells such as those used in this study have also described the potentiation of TRAIL-induced apoptosis by different HDAC inhibitors. 34, 52, 53 One of these studies reports a synergistic interaction of TRAIL and HDAC Figure 8 Depsipeptide-mediated facilitation of DISC formation occurs in the presence of CHX and in the absence of upregulation of TRAIL-R2. (a) U937 cells were incubated for 8 h either alone (Control) or in the presence of depsipeptide (10 nM) in the presence or absence of CHX (5 mM). Cells were then exposed to biotinylated TRAIL (500 ng/ml) for the indicated times and a DISC isolated as described in Materials and methods. To provide an unstimulated receptor control, biotinylated TRAIL was added to lysate from untreated cells (u/s). The DISCs obtained were analyzed by Western blotting. (b) K562 cells were treated for 12 h in the presence or absence of depsipeptide (10 nM) with or without CHX (1 mM) and then washed, where indicated, to remove the chemicals. Cells were then cultured for a further 4 h in the presence or absence of TRAIL (100 ng/ml) and apoptosis assessed by externalization of PS. (c) K562 cells were incubated either alone or with depsipeptide (Dep) (10 nM) for the indicated times in the presence or absence of CHX and the DISC was then isolated and analyzed as described above for U937 cells inhibitors when both agents were cotreated for 24 or 48 h, but not when cells were pretreated with HDAC inhibitors. 53 In their study, the enhanced apoptosis did not involve an alteration in FLIP or in modification of death receptor expression, but was caspase dependent and associated with enhanced loss of both mitochondrial membrane potential and mitochondrial cytochrome c, suggesting that the synergism occurred primarily by the intrinsic pathway. However, a role for the extrinsic pathway was also demonstrated using cell lines stably expressing CrmA, or dominant-negative caspase-8 or FADD. 53 While the present manuscript was in preparation, a report appeared showing that cotreatment with the HDAC inhibitor LAQ824, a cinnamic acid hydroxamate, enhanced TRAIL-induced apoptosis by increasing DISC activity. 52 In contrast to our findings, LAQ824 decreased the levels of some antiapoptotic molecules, including Bcl-2, XIAP and c-FLIP L , but in agreement with our study induced marked death receptor expression. 52 In the same study, the authors also showed an increased formation of a native TRAIL DISC with increased recruitment of FADD and caspase-8 in SKW 6.4 B lymphoblast cells. Thus, in our study and that of Guo et al., 52 the primary mechanism of sensitization occurs upstream of mitochondria at the level of DISC formation. In addition, we have also shown that pretreatment with the HDAC inhibitor facilitates enhanced formation of a TRAIL DISC accompanied by an increased recruitment of FADD and caspase-8. This presumably leads to a more active DISC and therefore greater activation of caspase-8 and subsequent cell death (Figure 4) . Thus, based on our data and other data in the literature, the most likely mechanism whereby HDAC inhibitors sensitize cells to TRAIL appears to be due to an increased DISC formation. Although initially we thought that this increased sensitization to TRAIL-induced apoptosis involved an early upregulation of TRAIL-R2, the studies with CHX in CLL, U937 and K562 cells clearly demonstrate that this upregulation is not required for HDAC inhibitor-induced sensitization ( Figures  7 and 8) . Thus, the HDAC inhibitor-induced sensitization to TRAIL-induced apoptosis did not appear to be due to de novo protein synthesis of a new proapoptotic protein, but rather may be due to effects of HDAC inhibitors on acetylation of nonhistone targets, such as Hsp90 and Ku70. 54, 55 However, as yet, we cannot rule out that other mechanisms also contribute to the HDAC inhibitor potentiation of TRAILinduced apoptosis. One such possibility is that HDAC inhibitors lead to an increased lateral diffusion of TRAIL-R2 molecules, so facilitating their aggregation and formation of the DISC, as has been reported for CD95. 56 As internalized CD95 is directed to the endosomal pathway, 57 it is possible that enhanced endocytosis and receptor recycling could also contribute to the increased TRAIL DISC formation. Some differences between the CD95 and TRAIL DISCs in CLL cells are also apparent, based on our finding that HDAC inhibitors potentiate TRAIL-, but not CD95-induced, apoptosis. This difference was not due to the use of agonistic CD95 antibodies and TRAIL ligand, as CLL cells were still resistant to CD95 ligand-induced apoptosis (data not shown). Although the reasons for these differences are unclear, it is possible that the CD95 DISC is not active in CLL cells, or alternatively that the HDAC inhibitors in some way specifically modify the TRAIL DISC in CLL cells. Our finding that HDAC inhibitors potentiate both TRAIL-and CD95-induced apoptosis in Jurkat cells (Figure 1c ) provided some support for this suggestion. The observation that similar levels of c-FLIP L were recruited to the DISC and cleaved to an Bp43 fragment in cells treated with TRAIL alone or pretreated with depsipeptide ( Figure 4a ) did not support a critical role for decreases in c-FLIP L being responsible for the marked sensitization of CLL cells to TRAIL. Similarly, a recent study also demonstrated that a decrease in c-FLIP L alone was insufficient to sensitize CLL cells to TRAIL. 58 Although the primary action of HDAC inhibitors on the sensitization of CLL cells to TRAIL is due to facilitated DISC formation, they may exert a secondary effect by also potentiating TRAIL-induced apoptosis at the mitochondrial level. The increased levels of the proapoptotic BH3-onlyprotein Bim EL may mediate some of this potentiation. 49, 59 The increased levels of Bim EL may be due to either increased protein synthesis or decreased proteasomal degradation. 60 This additional effect of HDAC inhibitors may make them particularly effective in potentiating TRAIL-induced apoptosis, as in many cells TRAIL-induced apoptosis also involves a mitochondrial amplification component. 47, 48, 61 It is also possible that the upregulation of Bim may be involved in the induction of apoptosis by many different HDAC inhibitors in many diverse cellular systems.
As most commonly used agents induce apoptosis in CLL and other malignancies by perturbation of mitochondria and activation of the intrinsic pathway, our finding of a novel strategy that activates the extrinsic pathway may be particularly valuable as it could circumvent many of the resistance mechanisms of the intrinsic pathway. As the combination of TRAIL and an HDAC inhibitor caused no significant toxicity in normal B and T cells, it raises the possibility that it may be of value in the treatment of CLL as well as other incurable malignancies.
Materials and Methods
Lymphocyte purification, cell lines and culture Blood samples were obtained from CLL patients, staged according to the Binet system, during routine diagnosis at the Leicester Royal Infirmary with patient consent and local ethical committee approval. Samples were collected into Li-Heparin tubes. CLL cells were purified as described previously 20 and resuspended in RPMI 1640 medium (4 Â 10 6 cells/ml) at 371C in an atmosphere of 5% CO 2 and incubated as indicated with TRAIL (100 ng/ml) or anti-CD95 (100 ng/ml). Where indicated, CLL and other cells were incubated with depsipeptide (10 nM) or Trichostatin A (0.25 mM) for 8-16 h prior to treatment with TRAIL for a further 0-8 h. Blood samples from healthy donors were obtained by consent and peripheral blood mononuclear cells purified as described for CLL cells. 20 B cells were then further enriched by depletion of T, NK, dendritic and erythroid cells, monocytes and granulocytes, by MACS s separation using a human B Cell Isolation Kit II (Miltenyi Biotec, Surrey, UK). B-cell purity, assessed by measuring CD19
þ cells using FACS analysis, was increased from 1673 to 4874% (mean7S.E.M., n ¼ 7). The residual fraction was primarily T cells. Both normal B and T cells (E0.5 Â 10 6 cells/ml) were cultured and treated in the same way as CLL cells. Jurkat T cells (clone E6-1) obtained from ECACC (Wiltshire, UK) or CLL cells were pretreated for 1 h with the caspase inhibitor, benzyloxycarbonyl-Val-Ala-Asp (OMe) fluoromethyl ketone (Z-VAD.fmk) (Enzyme Systems, CA, USA). Wild-type, caspase-8-deficient and Bcl-XL stably transfected Jurkat cells were cultured as described. 62, 63 U937 cells were obtained from ECACC and cultured in RPMI medium containing 10% FBS and 5% Glutamaxt. Dr. S Chow, MRC Toxicology Unit, kindly provided K562 cells. Samples were either analyzed for apoptosis or pelleted and stored at À801C for subsequent Western blotting.
Materials
Media and serum were from Life Technologies, Inc. (Paisley, UK). Human recombinant TRAIL was prepared as described previously. 64 TRAIL-R1-R4 antibodies (clones M271, M413, M430 and M444, respectively) were kind gifts from Immunex Corp., Seattle, WA, USA. 65 Anti-CD95 monoclonal antibody (CH-11 clone) was from Upstate Biotechnology Inc. (Lake Placid, NY, USA). Depsipeptide was kindly provided by Dr. E Sausville (NCI, USA) and Trichostatin A was from Sigma (Poole, UK). M-791, a specific caspase-3 inhibitor, 39 and c-FLIP antibodies 66 were kindly provided by Dr. D Nicholson (Merck Frosst, Canada) and Dr. P Krammer (German Cancer Centre, Heidelberg), respectively. A third c-FLIP antibody raised to residues 447-464 of c-FLIP L was obtained from Upstate Biotechnology (Milton Keynes, UK). Caspase antibodies were from sources described previously. 62 A monoclonal antibody against Bcl-2 was from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-Bax Clone 3, FADD and XIAP antibodies were from Transduction Laboratories (Lexington, KY, USA). The Mcl-1 antibody was from Santa Cruz (Santa Cruz, CA, USA) and the c-IAP1 and 2 antibodies were from R&D Systems (Abingdon, UK). A rabbit polyclonal antibody to the C-terminus of TRAIL-R2 for Western blot analysis was obtained from Alexis Corp. (Nottingham, UK). The anti-Bim antibody was from Calbiochem (La Jolla, CA, USA). Bisindolylmaleimide IX, a protein kinase C inhibitor known to induce apoptosis in CLL cells, 67 was from Alexis Biochemicals (Nottingham, UK). Other reagents were from Sigma (Poole, UK).
Quantification of apoptosis and Western blot analysis
Apoptosis was quantified by PS externalization or loss of mitochondrial membrane potential (c m ) in the presence of propidium iodide as described previously. 20, 68 Samples for Western blot analysis were prepared and caspases detected as described previously. 68 Histones were extracted as described previously. 27 Acetylated H3 (K9/14) and acetylated H4 (K5/8/ 12/16) were detected by Western blot analysis using polyclonal rabbit antibodies (Cat # 06-599 and # 06-598, respectively) from Upstate Biotechnology.
Assessment of cell surface receptor expression
Purified CLL and Jurkat cells were resuspended in blocking buffer (10% normal goat serum in PBS) and incubated for 30 min on ice to block nonspecific binding, then incubated with anti-TRAIL receptor antibodies (diluted 1 : 50), anti-CD95 antibody (clone CH-11) (50 ng/ml) or an isotypematched control antibody for 1 h on ice and then analyzed by flow cytometry as described previously. 20 
DISC analysis
DISC precipitation was performed using biotin-tagged recombinant TRAIL (biotinylated TRAIL) essentially as described previously. 20, 46 CLL cells (2.5 Â 10 8 cells per treatment) were either cultured alone or with depsipeptide (10 nM) for either 8 or 16 h and then treated with biotinylated TRAIL (500 ng/ml) for 5, 15 or 30 min and DISC formation determined. 20, 46 Western blotting was performed using 30 ml of eluted complexes from streptavidin-agarose beads representing DISC precipitated from 3 Â 10 7 cells. U937, K562 or Jurkat cells (1 Â 10 8 cells per treatment) were similarly exposed to depsipeptide followed by biotinylated TRAIL and then DISC formation was assessed.
Measurement of TRAIL-R2 in U937 and CLL cells U937 (1 Â 10 7 cells per treatment) and CLL (3 Â 10 7 cells per treatment) cells were treated with or without depsipeptide (10 nM) and CHX (2.5-5 mM) for 8 h (U937 cells) or 8-16 h (CLL cells). After this treatment, cells were then washed three times with ice-cold phosphate-buffered saline, lysed for 30 min on ice with lysis buffer containing 30 mM Tris-HCl (pH 8), 150 mM NaCl, 10% glycerol, 1% Triton X-100 supplemented with Completet protease inhibitors (Roche Applied Science). Lysates were then cleared by centrifugation at 16 000 Â g for 30 min at 41C. Biotinylated-TRAIL (1 mg per treatment) was added to the lysate and complexes were precipitated overnight at 41C using streptavidinSepharoset beads (Amersham Biosciences). The beads were washed six times with ice-cold lysis buffer and analyzed by Western blotting using anti-TRAIL-R2 antibody.
Statistical analysis
One-way ANOVA was used employing Tukey's post hoc comparison between means with a significance of Po 0.05 throughout.
